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he  rail  gun  offers  an  attractive  alternative  to  the  traveling  wave  rifle  for 
the  magnetic  acceleration  of  macroacopic  (0.05  g)  bullets  for  impact  fuaion.  In 
this  paper  we  review  the  basic  rail  gun  equations  and  indicate  how  energy  effic¬ 
iency  can  be  designed  in.  We  set  aa  our  preliminary  goal  the  delivery  of  1  mega-  . 
Joule  in  10  nanoaeconda,  with  a  specific  energy  of  20  MJ/g'  (i.e.a  bullet  mass  of 
0.05  g);  these  values  are  taken  fram'tn*  requirements  being  considered  for  heevy- 
ion_Jusion.  Using  these  number*  the  final  particle  velocity  is  200  km/sec.  >Sr  a 
delivery  time  of  10  nanoaeconda,  this  velocity  implies  that  the  projectile  length 
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is  about  2  ran.  Impact  fusion  is  feasible  because  of  the  coincidence  that  a 
bulla t  with  all  dimensions  roughly  2  inn  has  the  required  mass. 
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INTRODUCTION 


Tht  rail  gun  offers  an  attractive  alternative  to  the  traveling  wave 
rifle  for  the  magnetic  acceleration  of  macroscopic  (0.05  g)  bullets  for 
Impact  fusion.  For  power  generation  it  la  essential  for  the  rail  gun  to  be 
energy  efficient.  In  this  paper  wa  review  the  basic  rail  gun  equations  and 
Indicate  how  energy  efficiency  can  be  designed  In.  We  set  as  our 
preliminary  goal  the  delivery  of  E  ■  1  mega, joule  in  dt  ■  10  nanoseconds, 
with  a  specific  energy  of  20  MJ/g  (i.e.  a  bullet  mass  of  0.05  g) ;  these 
values  are  taken  from  the  requirements  being  considered  for  heavy-ion 
fusion.  Using  these  numbers,  we  can  solve  immediately  for  the  final 
particle  velocity  Uf  from  E  -  1/2  muf2  to  get  u f  •  200  km/sec.  For  a 
delivery  time  of  10  nanoseconds,  this  velocity  Implies  that  the  projectile 
length  is  about  2  mm.  Impact  fusion  Is  feasible  because  of  the  coincidence 
that  a  bullet  with  all  dimensions  roughly  2  mm  has  the  required  mass. 


I  BASIC  RAIL  GUN  EQUATIONS 

W«  begin  by  reviewing  th*  baalc  aquation*  which  have  baan  darivad  by 
J.P.  Batbat  and  stMra.  We  ahell  darlva  thaaa  aquation*  in  tha  aimplaat 
poaalbla  form,  in  ordar  to  euphaala*  tha  acaling  lava  and  th*  phyaica 
containad  in  than.  Th*  powar  dallvarad  by  a  currant  I  and  voltage  V, 
ignoring  loaaaa,  lat 

P  •  IV  -  d/dt(LI2/2)  +  Fu 

whar*  L  la  tha  inductance,  F  la  th*  fore*  on  tha  "armature"  (i.a.  tha 
bullet),  and  u  la  tha  bullet  velocity.  Setting  V  »  d/dt(LI)  and 
aimplifying,  we  get  the  baalc  rail  gun  aquation: 

F  1/2  l'l2 

where  L'  la  th*  lnductanco  per  unit  length,  and  ia  vary  cloaa  to 
1/  -  o>6  mlcrohanriaa/matar  for  typical  rail  gun  gaomatrlaa.  For 
aimpliclty  va  ahall  now  aaaume  conatant  acceleration,  i.a.  conatant  currant 
I.  Tha  work  don*  on  th*  bullat  ia  E  ■  Fa  ■  LI^/2  whar*  L  ■  L'a.  Not* 
that  th*  work  dona  on  tha  bullet  la  equal  to  th*  energy  atorad  in  th* 
•agnatic  field  of  th*  rail*]  thia  inductive  energy  can  ba  recovered,  in 
principle.  Note  alao  that  for  fixed  E  and  L'  th*  length  of  th*  rail  gun 
"a"  ia  proportional  to  I*?,  Th*  required  voltaga  can  ba  calculated  from 


V  ■  d(flux)/dt  ■  IL'u.  The  values  Cor  the  current,  maximum  voltage,  and 
acceleration  tine  e  for  two  lengths  of  rail-gun  are  given  In  the  table 
balowi 


length  a 

m 

100  meter* 

1  km 

current 

■ 

180  kA 

60  kA 

maximum  voltage 

m 

23  kV  4*  1R 

7  kV  4-  IR 

time 

m 

0.001  aec 

0.01  aec 

The  IR  term  In  the  voltage  refers  to  the  drop  from  resistive  losses,  and  is 
discussed  below.  The  required  current  can  be  supplied  by  capacitor*  or  by 
high-voltage  homopolar  generators  . 


II  EFFICIEHCY 


For  application  to  impact  fusion,  it  ia  aaaantial  to  katp  tha  rasiativa 
loaaas  to  a  minimum.  To  tha  axtant  that  tha  raaiatancaa  in  tha  rail  gun 
ara  independent  of  valocity  u,  tha  most  difficult  raglma  is  the  low 
velocity  one  where  tha  power  being  tranaferred  Into  bullet  kinetic  energy 
P  ■  Fu  is  low.  On  the  other  hand,  designs  which  ara  inefficient  at  low 
velocitlee  may  be  considerably  more  efficient  at  high  velocities,  for  tha 
same  reaaon. 

The  energy  lost  to  raalatlve  heating  of  tha  bullet  or  driving  plasma 
is  Q  •  l2Rt  ■  2ERt/L's  ■  4ER/L'uf  •  The  "inefficiency  factor"  for  tha 
bullet  Q/E  ■  AR/L'uj  ii  independent  of  accelerator  length,  and  depanda 
only  on  tha  final  valocity  to  ba  achieved,  uf*  The  resistance  of  a  copper 
bullet  with  dimensions  of  2  mm  will  be  about  10*3  ohms  although  rasiativa 
loss  is  not  a  problem  with  the  bullet,  the  copper  may  be  heated  beyond  its 
malting  point.  The  reslatanca  of  a  driving  plaama  can  be  calculated  from 
Spltaer's  formula,  and  is  approximately  P  ■  65  lnOO/T^  where  H 
‘depends  on  tha  temperature  and  dansityt  ln(H)  *  3  for  the  densities  and 
temperatures  of  interest.  (Black  body  emission  alone  will  prevent  the 
temperature  from  rising  above  10*3  k).  Substituting  values,  and  assuming 
that  the  plasma  occupies  a  2  ■  cube,  the  resistance  of  the  plaama  is 
R  ■  3  *  10- 3  ohm,  and  for  the  plasma  Q/E  ■  30R  ■  0.1,  an  acceptable 
value.  The  rasiativa  voltage  drop  across  the  plaema  will  be 
V  -  IR  •  (60kA) (0,003)  -  110  volta. 


Raaletlve  loaa  in  the  ralla  la  a  more  aarioua  problem,  aapacially  for 
tha  longar  rail  gum.  Tha  DC  raalacanca  for  two  1-km  ralla  with  a  croea- 
aactlon  of  2bi*2bi  1*  .  8.5  ohma.  Whan  tha  bullae  la  at  a 

poaltlon  a  tha  raaiatanca  la  **  akin-depth  affacta  ara  lgnorad 

(tha  trua  raaiatanca  will  ba  graatar) .  Tha  energy  loat  to  raalativa 
haatlng  In  tha  ralla  during  conatant  aecalaratlon  a  la 

« -  fihit  -  jVdt  -  i^ESl 

rrota  tha  above  reeult,  w#  can  daflna  an  avaraga  or  affactiva  raaiatanca 
R  *  *dc/3  ■  2,8  ohma.  Wa  find  for  tha  ralla,  Q/E  ■  30R  ■  85,  and  an 
afficlancy  V/ <Q  +  E)  ■  1.22.  Ona  cannot  arbitrarily  raduca  tha  raaiatanca 
by  lnoraaalng  tha  rail  croaa-aactlon,  for  to  do  ao  raducaa  1/ .  A  amallar 
L'  lmpllaa  a  amallar  forca  on  tha  bullat,  and  hanca  a  longar  rail  gun  to 
achlava  tha  aama  tarmlnal  valoclty. 

To  lmprova  tha  afficlancy,  it  la  nacaaaary  to  dlvida  tha  rail  into 
aagmanta,  with  currant  liloving  only  in  the  aagmant  carrying  tha  bullat.  A 
echamatlc  diagram  la  ehown  in  tha  figure) 
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rig.  1 

Schematic  Diagram  of  a  Sagmantad  hall  with 
Currant  Flowing  only  In  tha  Segment  Carrying  the  Bullet 

The  currant  bahlnd  tha  bullat  will  panatrata  to  an  avaraga  dapth  given  by 


whera  At  la  tha  tlma  alnca  paaaaga  of  tha  bullat ,  p  la  tha  realatlvlty, 
and  u0  la  tha  parmittlvity  (•  1.3  x  10“®  In  MK8  unlta,  for  non-magnatic 
matarlala).  For  a  larga  numbar  of  aegmanta  N,  wo  can  aaauma  that  tha  akin 
dapth  a  la  leaa  than  tha  thlcknaaa  of  tha  ralla,  and  darlva  tha  following 
formula  (aee  Appandlx)  for  tha  effactlve  realatanca  of  the  aegmented 
ayatami 


4 

l^t 


3h 


For  a  ■  1000  matara,  p  ■  1,7  x  10"®  ohm-metara  (Cu) ,  end  tha  height  of  the 
ralla  h  ■  2  mm,  thla  glvaa  R  «  2//M  ohma.  Thua  for  N  aegmanta,  wa  hava 


Q/E  -  65/ /N  .  For  N  -  1000,  the  efficiency  e  -  E/(Q  +  E)  -  301. 
Additional  gain*  arc  possible  by  Increasing  N,  tht  lisle  looking  lr  ^  n 
luspad  daisy  lins  with  propagation  velocity  matching  the  bullet  ve:  Uy 
and  pulse  length  not  such  longer  than  the  bullet. 

For  the  1000  segment,  1  km  rail  gun,  the  maximum  ip  voltage  dr  from 
the  resistance  In  the  rails  Is  60kA  x  2/  /lOOO  ,  -  4  kV,  comparabl  to  the 
back  EHF  required  of  7kV  (sae  the  table  on  page  3). 

The  segmented  rail  gun  can  be  fad  by  power  supplies  along  its  length, 
represented  by  capacitors  In  the  figure.  No  switches  to  close  the  circuit 
are  shown,  because  the  switching  Is  automatically  provided  by  the  bullet. 
Since  the  resonance  time  of  the  l-C  circuit  is  approximately  equal  to  the 
tranalt  time  of  the  bullet,  It  may  ba  posaibla  to  use  the  automatic 
switching  of  the  bullet  to  open  the  circuit  at  a  time  of  near-sere  current 
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gfftotlvf  Raaiatonco  of  a  toll  Gun  Saaoani 


Conaldar  ono  a  lam  da  of  aogmant  of  longth  *t.  Lot  roalatlva 

boating  during  paaaago  of  bullot  ■  dQ»  Skin  dapth  ■  a(t)  ■ 
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whora  h  ■  holght  of  roll. 
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Nov  intogroto  thla  ovor  oagtnont  of  langth  *t»  Aaaum*  valocity 
■  conatont. 


(a)  Suppoaa  langtha  ara  choaan  auch  that  ti  " 


t/N 
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*  „  i  i  x/!i 

*  3  h  V  tN 


For  2  rail*,  double  thi*  an  awe r • 


(b)  Suppose  lengths  are  choaen  such  that  *  ■  »/N  . 


Q  ■ 1  •  4  i-  *  £  v^T 


This  sum  can  be  dona  by  approximating  it  with  an  Integral,  and  the  answer 
ia  the  same  as  for  (a). 
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